Introduction
The bone morphogenetic protein (BMP) signaling pathway was identified for its role in osteogenesis, 1 but has since been recognized as a key regulator of early mesoderm patterning, required for establishment of precursor populations that constitute embryonic, fetal, and adult hematopoietic lineages. Hence, the BMP ligands BMP2 and BMP4, in addition to the effector molecules SMAD1 and SMAD5, are required for normal mesodermal and hematopoietic development, and their absence causes early embryonic lethality. [2] [3] [4] [5] [6] BMP signaling has pleiotropic effects on primitive and definitive hematopoiesis that are time-and context-dependent, 7, 8 which have been harnessed as tools to control developmental output in embryonic stem cell (ESC) culture-based assays. [9] [10] [11] The ESC system can recapitulate, through embryoid body (EB) formation, many events of early development, including specification and proliferation of multipotent and lineagerestricted hematopoietic progenitors. Fuller understanding of BMP signaling, and how it integrates with other pathways in lineage commitment, should facilitate efforts to control stem and progenitor cell capacity for disease modeling and regenerative therapies.
BMP signaling constitutes one arm of the transforming growth factor-b (TGF-b) superfamily of signaling pathways, and propagates its biological effects largely through pathway-restricted, receptoractivated SMADs (R-SMADs). For TGF-b signaling, these are SMADs 2 and 3; for BMP, they are SMADs 1, 5, and 9 (SMAD9 was formerly called SMAD8 or MADH6). R-SMADs converge onto a limiting pool of the coactivator molecule SMAD4, which in association with a multimeric complex facilitates translocation into the nucleus and activation of target genes. 12, 13 In addition to R-SMAD-dependent outcomes, both TGF-b and BMP signaling have multiple effects that bypass SMAD signaling and typically proceed through 1 or more mitogen-activated protein kinase (MAPK) signaling pathways, indirectly bringing about changes in target gene transcription. 14, 15 For instance, TAK1 is activated by the BMP pathway to initiate a MAPK signaling cascade through p38 that regulates dorsoventral patterning in Xenopus embryos. 16 BMP2 activates both p38MAPK and c-Jun N-terminal kinase (JNK) in osteoblast cultures, promoting differential regulation of alkaline phosphatase and osteocalcin production. 17 Further regulation of JNK signaling by BMP ligands has been shown in models of osteogenesis 18 and myocardial infarction. 19 Signaling through the extracellular signal-regulated kinase 1/2 (ERK1/2) pathway is regulated by BMP in SMAD4-deficient colon cancer cells, 20 as well as in osteoblast differentiation 21 and endothelial sprouting. 22 Finally, phosphatidylinositol 3-kinase (PI3K)/AKT signaling can act as a molecular bridge in cross-talk between BMP and WNT pathways in models of stem cell self-renewal.
with all 3 cooperating to control specification of early ventral mesoderm derivatives that give rise to bipotential hematovascular precursors. 24 These pathways further interact in precursor cells to regulate segregation of smooth muscle, blood cell, and endothelial cell progenitors. 25 In ESC/EB models of yolk sac (YS) hematopoiesis, the potential to form erythroid and/or myeloid populations can be distinguished by assaying progenitor colony formation under permissive culture conditions; NOTCH signaling through Delta ligands, including specifically Dll4, has been implicated in regulating hemangioblast and endothelial development in EBs. 26 Specification to the myeloid lineage is controlled by the master regulators Pu.1 and C/EBPa. [27] [28] [29] Myeloid potential is further governed in part by MAPK-dependent regulation of C/EBPa activity, 30 and the zebrafish Pu.1 ortholog Spi-1 marks sites of myelopoiesis that are refractive to ectopic BMP4. 31 We previously used ESC/EB model systems for conditional expression or depletion of Smad1, and established its dual role in first expanding mesodermal derivatives including hemangioblasts, and then subsequently restricting hematopoietic potential. 32, 33 Here we report that SMAD5 contributes to SMAD1 activity, and investigate SMAD-independent control of hematopoietic potential, identifying a previously unrecognized BMP signaling axis that is propagated by activation of p38MAPK and restriction of NOTCH signaling to balance output of primitive myeloid progenitors.
Materials and methods

ESC and EB culture
ESCs were maintained on irradiated mouse embryonic fibroblast (MEF) feeder cells in Dulbecco modified Eagle medium supplemented with 20% heatinactivated ES-qualified fetal calf serum (FCS; Hyclone), 50 IU of penicillin (Cellgro), 50 IU of streptomycin (Cellgro), leukemia inhibitory factor (LIF) (2% conditioned medium), and 1.5 3 10
24
M monothioglycerol (MTG; Sigma). EBs were cultured in Iscove modified Dulbecco medium (IMDM) supplemented with 15% FCS, 5% protein-free hybridoma medium (PFHM-II; Gibco), 2 mM L-glutamine (Cellgro), 0.5 mM ascorbic acid (Cellgro), 200 mg/mL transferrin (Roche), and 1.5 3 10 24 M MTG. For EBs harvested on day 3 or 4.5 of differentiation, ESCs were seeded at a density of 4 3 10 4 cells/mL culture medium, and for EBs harvested on day 5 or later, ESCs were seeded at a density of 8 3 10 3 cells/mL culture medium. For fluorescence-activated cell sorting, day 3 to 3.25 EBs were dissociated using Accumax and stained with anti-mouse Flk1-phycoerythrin (PE; both form eBioscience), collected into EB medium and recultured with equivalent numbers of dissociated day 2 EB-derived cells in low-cluster 6-well plates (Costar). For serum-free cultures, protocols were adapted from published reports. 11, 34 Briefly, ESCs were cultured in feederfree 2i 1 LIF medium, then transferred to differentiation medium containing 75% IMDM 1 25% Ham F12 supplemented with N2 (1:100) and B27 (1:50). On day 2, EBs were dissociated and recultured with vascular endothelial growth factor (VEGF) (5 ng/mL), BMP4 (2 ng/mL), and ActivinA (1 ng/mL). For analysis of effects downstream of BMP signaling, EBs were stimulated on day 4 with 12.5 ng/mL BMP4. Inhibitors were used as noted in the figure legends: LDN193189 or dorsomorphin (BMP inhibitors; Axon Medchem or Tocris), DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-(S)-phenylglycine t-butyl ester, g-secretase/NOTCH signaling inhibitor; Sigma), SCIO 469 (p38-a inhibitor; Tocris).
Inducible Smad5 (miSMAD5) single and Smad1/Smad5 double-knockdown cell lines (miSMAD51) were generated as described. 33, 35 Smad1-specific and Smad5-specific shRNA hairpins are noted in supplemental Table 1 (available on the Blood Web site). Multiple clonal lines were created and validated using methods previously described. 33 Knockdown was achieved through induced expression of the hairpin RNA by addition to culture medium of 2 mg/mL doxycycline.
Hematopoietic colony assays
Differentiation of EB-derived cells into hematopoietic progenitor colonies was performed as described. 33, 36 Briefly, EBs were disaggregated on day 6 of 
Quantitative RT-PCR
Cells were harvested into TRIzol reagent on day 3.5 for total RNA extraction. For analysis of NOTCH ligands and C/EBPa, depletion or inhibition was performed on day 4 and cells were harvested on day 6 and day 8, respectively. Total RNA (1 mg) was subjected to reverse transcription (RT) reactions using Superscript III First-Strand reagent (Invitrogen) to generate complementary DNA (cDNA), which was diluted 1:25 in RNAse-free H 2 O for quantitative polymerase chain reaction (qPCR) analysis on a Roche 480 II Lightcycler using Sybr green detection and the 2 2DDCT method. 37 Gene-specific qPCR primers are listed in supplemental Table 1 .
Western blotting
Whole-cell extracts were collected from ESC or EB cultures in complete lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 50 mM NaF, 1% NP-40 substitute, Halt protease inhibitor cocktail [Thermo Fisher, 1:100 dilution]). Proteins were resolved by electrophoresis on 10% NuPage Bis-Tris gels (Invitrogen) and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad). Membranes were blocked in 5% bovine serum albumin (BSA) in Tris-buffered saline (TBS) 1 0.05% Tween 20 and probed overnight with the following antibodies: rabbit anti-SMAD1 XP, anti-phospho-SMAD1/5/9, antiphospho-p38, anti-p38, anti-phospho-AKT, anti-pan AKT, anti-phospho-ERK1/2, anti-ERK1/2, anti-phospho-JNK, anti-JNK, anti-NOTCH intracellular domain (NICD), anti-phospho-SMAD2/3, anti-SMAD2/3 (all Cell Signaling), mouse anti-SMAD5 (Invitrogen), or mouse anti-b-Actin (Sigma). Proteins were visualized with horseradish peroxidase (HRP)-conjugated secondary antibodies (Bio-Rad) and West Pico chemiluminescence (Thermo Fisher).
Results
Conditional, simultaneous depletion of SMAD5 returns hematopoietic potential to homeostatic levels in SMAD1-depleted EBs
We showed previously, using conditional Smad1 depletion, that Smad1 normally restricts both erythroid and myeloid potential around day 4 of EB development. 33 Here we tested the activity of the related Smad5 in this context. For this purpose, ESC lines were generated, similar to the previous Smad1 knockdown line (miSMAD1), using the AinV system for conditional depletion of Smad5 alone or together with Smad1. These ESC lines are designated miSMAD5 and miSMAD51, respectively. Targeting of Smad1 and Smad5 together was achieved by recombining tandem gene-specific shRNA hairpins into a single tetracycline-responsive, engineered site on the mouse X chromosome in the AinV18 parental line of ESCs. 33 AinV18 ESCs express the reverse tet transactivator under control of the Rosa26 locus, so that transgene (or in this case, hairpin) expression can be induced via doxycycline (dox) treatment. 38 The targeted transgene includes a cassette for internal ribosomal entry site (IRES)-driven expression of enhanced green fluorescent protein (GFP), and expression is abrogated by dox withdrawal, allowing temporal control of gene expression in differentiating EBs. Cell extracts from doxtreated EBs, including those derived from miSMAD1 ESCs, 33 were subjected to western blotting analysis of SMAD5 and SMAD1 protein levels ( Figure 1A ), which demonstrated that the relevant targeted proteins were knocked down at steady-state at least 50% in EBs treated with 2 mg/mL dox ( Figure 1B) . Consequently, SMAD1/5/9 activation was reduced to a similar extent (supplemental Figure 1) . This is consistent with the published Smad1-specific conditional knockdown, 33 which was previously shown to block hematopoietic mesoderm when induced at day 2, but to enhance hematopoietic progenitor output when induced at day 4.
When Smad5 expression is depleted in EBs at day 2 there is no phenotype, indicating that only Smad1 is required for early mesoderm patterning. However, when knockdown is induced at day 4, there is a specific decrease in primitive erythroid potential ( Figure 1C) , opposite of Smad1 knockdown phenotype, and there is no change in primitive myeloid potential (Figure 1D-E) . These observations are consistent with our previous results in zebrafish. 39 When Smad1/Smad5 expression For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From is simultaneously depleted during the early stages of germ layer commitment, there is a general failure to specify hematopoietic progenitors in comparison with untreated controls ( Figure 1C-E) , equivalent to knockdown of Smad1 alone. However, while Smad1 depletion starting at day 4 of EB differentiation enhances hematopoietic output, 33 codepletion of Smad5 and Smad1 at day 4 dropped hematopoietic capacity back to approximately control levels ( Figure 1C-E) . This suggests that Smad5 activity is responsible for the expanded hematopoietic fate under conditions of limited Smad1.
Inhibition of BMP signaling in EB cultures specifically promotes primitive myeloid potential To confirm our interpretation that hematopoietic potential is balanced by levels of Smad1/Smad5, we used an alternative approach to block function by targeting BMP receptor signaling upstream of R-SMAD activation, and examining whether BMP inhibition is phenotypically equivalent to Smad1/Smad5 knockdown. For this purpose, we used the small-molecule inhibitor LDN193189 (LDN), a compound that specifically blocks activation of ALK2/ALK3 BMP type I receptors. 40 EB cultures were treated for 24 hours with LDN starting on day 2 or day 4 of differentiation. Concentrations of LDN as low as 250 nM were sufficient to essentially eliminate BMP signaling, as measured by serine phosphorylation of SMAD1/5/9 ( Figure 2A ). As with Smad1 depletion, or Smad1/5 depletion, early BMP inhibition at day 2 caused failure of hematopoietic potential in methylcellulose-based progenitor colony assays measuring primitive erythroid (EryP, Figure 2B ), macrophage (MacP, Figure 2C ), and megakaryocyte (MegaP, Figure 2D ) progenitor populations, each of which decreased at least 20-fold with respect to untreated controls. Similar to co-depletion of Smad1/Smad5, later inhibition of BMP signaling with LDN on day 4 of EB differentiation did not affect erythroid potential ( Figure 2B ). These observations were expected outcomes of blocking pathwayrestricted R-SMAD signaling, whether by directly targeting Smad1/ Smad5 or inhibiting upstream BMP receptor activation. Unexpectedly, however, following day 4 LDN treatment we noted a significant increase of approximately twofold to threefold in hematopoietic progenitor potential specific to the primitive myeloid lineages (Figure 2C-D) .
We showed previously that conditional depletion of Smad1 expression early during the germ layer commitment stages of EB differentiation impairs mesoderm formation. 33 As expected, either BMP inhibition with LDN or Smad1/Smad5 co-knockdown at this stage caused downregulation of mesoderm and primitive streak marker gene transcripts, including Brachyury, Evx1, HoxB1, Mesp1, Mesp2, Goosecoid, and MixL1 (supplemental Figure 2A-B) . However, the consequence of Smad1/5 depletion is clearly different from blocking BMP signaling with LDN, as it resulted in upregulation of endodermal transcripts, while in contrast LDN pushed cultures toward neural ectoderm fates (supplemental Figure 2C-D) , consistent with previous reports. 33, 41, 42 This observation most likely reflects the fact that LDN, in addition to blocking R-SMAD activation, will modulate SMAD-independent downstream effects.
SMAD-independent BMP-mediated regulation of myeloid potential
Because the enhanced myeloid phenotype was not observed in the Smad1/Smad5 co-knockdown, and because expression of Smad9 transcripts was comparatively very low (data not shown), we hypothesized that BMP control of primitive myeloid potential was SMADindependent. One caveat is that the Smad1/Smad5 shRNA-mediated co-knockdown was not as complete compared with the loss of p-SMAD1/5/9 achieved with LDN. Therefore, LDN was titrated in day 4 EB cultures to determine the concentration necessary to inhibit BMP signaling ;50%, resulting in conditions analogous to the partial depletion of Smad1/Smad5 expression in the doxinduced miSMAD51-derived EBs. Western blotting analysis of SMAD1/5/9 phosphorylation displayed a linear dose-response relationship from complete inhibition at 250 nM to 50% inhibition at 10 nM ( Figure 3A) ; this treatment is hereafter referred to as LDN50 in the figures and text to distinguish it from complete inhibition, referred to as LDN. Using LDN50, the potential of cultures to generate primitive macrophage, megakaryocyte, and mixed lineage progenitors was examined and found to recapitulate the previous results with LDN treatment (Figure 3C-E) . Specifically, 50% inhibition of BMP signaling with LDN50 was sufficient to promote a significant increase in myeloid potential of approximately twofold to threefold over untreated controls. In samples cotreated with dox and LDN50 to simultaneously deplete Smad1/Smad5 and inhibit upstream signaling, there was again a significant increase in myeloid potential compared with control samples treated with dox only. This effect cannot be rescued by SMAD1, as LDN50 treatment of a conditional SMAD1-expressing ESC line 32 resulted in increased myeloid potential, either with or without induction of SMAD1 (supplemental Figure 3A-B) . Early hematovascular progenitors were collected from differentiating EBs by fluorescenceactivated cell sorting the initial Flk1 1 cell population on days 3 to 3.25 of differentiation ( Figure 3F ), and reculturing them in the presence of LDN50 to examine myeloid potential ( Figure 3G ). For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From A similar relative increase in primitive macrophage colonies was observed compared with whole EB cultures, confirming that the effect of blocking BMP for myeloid progenitor potential is specific for this progenitor subset.
As a control for specificity, we tested an alternative BMP signaling inhibitor, dorsomorphin. BMP signaling in day 4 EBs was ;10-fold less sensitive to dorsomorphin treatment (supplemental Figure 4A-B) , but similar effects in myeloid potential were observed after 50% inhibition, showing significant twofold to threefold increases in macrophage and megakaryocyte progenitors based on colony assays (supplemental Figure 4C-D) .
SMAD-independent BMP control of myeloid potential requires an intact NOTCH signaling pathway BMP signaling has been reported by several groups to cooperate with both NOTCH and WNT signaling in its control of early mesoderm commitment and hematovascular development, 24-26 so we profiled transcript levels encoding a wide range of ligands and receptors in both pathways by quantitative RT-PCR analysis (qPCR, not shown). Transcripts encoding 2 ligands of the NOTCH pathway, Delta-like protein 1 and 3 (Dll1 and Dll3), were significantly upregulated after BMP inhibition with LDN, either with or without depletion of Smad1/Smad5 ( Figure 4A ). In contrast, Smad1/Smad5 depletion alone resulted in a smaller but opposite effect, causing downregulation of Dll1 and Dll3 expression ( Figure 4A ). To assess whether BMP inhibition has bona fide effects on NOTCH signaling, we examined expression levels of NOTCH effector genes ( Figure 4B) , and found significant increases in transcript levels for Hey1 and HeyL. Inhibition with LDN50 resulted in an approximately threefold increase in NOTCH receptor activation, as measured by western blotting analysis of intracellular domain accumulation (NICD, Figure 4C ).
To determine whether NOTCH pathway activation functionally impacts progenitor output, NOTCH signaling was blocked by treatment with the g-secretase inhibitor DAPT ( Figure 4D ). As shown in Figure 4E -F, day 4 treatment with 5 mM DAPT alone had no effect on progenitor output, but when added with LDN50 it abrogated the increase in myeloid potential observed with LDN50 treatment alone, reducing MacP and MegaP colony numbers to control levels. Additionally, qPCR analysis showed that LDN-induced inhibition of BMP signaling resulted in specific upregulation of the myeloidregulatory transcription factor C/EBPa, which was also largely dependent on functional NOTCH signaling ( Figure 4G ).
SMAD-independent BMP control of myeloid potential proceeds through the p38MAPK pathway
Because BMP control of myeloid potential in EBs occurred independent of SMAD signaling, we sought to determine the specific downstream pathway(s) responsible. We reasoned that activation of the putative pathway would be inhibited to some extent by LDN and/or LDN50 treatment, but not by dox-induced Smad1/Smad5 knockdown. Indeed, we found that LDN or LDN50 treatment of day 4 EBs specifically resulted in marked deactivation of p38MAPK signaling, as shown by western blotting analysis of phospho(Thr/ Tyr)-p38 ( Figure 5A ). Any changes in baseline p38MAPK activity in dox-treated controls were not statistically significant. In contrast, other candidate signaling pathways were unchanged regardless of treatment, including the ERK1/2 ( Figure 5B ) and JNK ( Figure 5C ) branches of MAPK signaling, as well as the PI3K-AKT signaling pathway ( Figure 5D-E) . Moreover, LDN-mediated inhibition of BMP signaling did not result in a significant shift to TGF-b pathwayrestricted SMAD activation, measured by SMAD2/3 phosphorylation levels (supplemental Figure 5) .
To confirm that myeloid progenitor capacity is modulated by BMP signaling through p38MAPK activity, we directly targeted p38MAPK with a small-molecule inhibitor highly specific to the p38-a isoform, SCIO469, which significantly attenuated phosphorylation in EB Figure 5 . BMP inhibition by LDN is associated with deactivation of p38MAPK. Phosphorylation states of reported downstream kinases responsive to SMADindependent BMP signaling were probed in western blotting experiments and compared with total protein levels with b-actin as a loading control. (A) p38MAPK Thr/Tyr phosphorylation was markedly downregulated after overnight treatment with either full-dose LDN or LDN50 to achieve ;100% or 50% BMP signaling inhibition, respectively, with co-depletion of SMAD1/5 by dox induction resulting in no significant changes in p38 phosphorylation. In contrast, (B) Thr/Tyr phosphorylation of ERK1/2, (C) Thr/Tyr phosphorylation of JNK, and (D) Ser phosphorylation of AKT displayed no significant changes compared with controls for any treatment. (E) These relationships are presented as quantified densitometry data, where **P , .01. Figure 6A-B) . Treatment on day 5 of EB differentiation, at a time point corresponding to events downstream of BMP activation, resulted in enhanced myeloid progenitor output, similar to LDN50-based BMP inhibition, with significant (twofold to threefold) increases in macrophage ( Figure 6C ) and megakaryocyte potential ( Figure 6D ). Finally, we examined the outcome of adding recombinant BMP4 under defined conditions in serum-free cultures. Stimulation on day 4 with BMP4 resulted in twofold to threefold attenuation of myeloid potential ( Figure 6E-F) , inversely consistent with experiments using LDN (Figure 2C-D) . As expected, BMP treatment activated SMAD1/5/9 signaling; additionally, it resulted in significant activation of p38MAPK and reduction of Notch signaling ( Figure 6G-H) , again the inverse result of LDN treatment in serum-containing cultures ( Figures 4C and 5A ).
cultures (
BMP controls primitive myeloid potential in parallel through NOTCH and p38MAPK pathways
To probe epistatic relationships between p38 and NOTCH, we examined NOTCH inhibition in the context of p38 signaling and vice versa. As shown in Figure 7A -B, DAPT treatment of EB cultures results in some deactivation of p38MAPK, although not to the same extent as BMP inhibition with LDN50. Moreover, DAPT alone did not alter myeloid potential (Figure 4E-F) . Under conditions of p38 inhibition with SCIO469, expression of Dll1 and Dll3 transcripts did not change ( Figure 7C ). Therefore, there does not appear to be functional cross-talk between the NOTCH and p38 pathways. These results are consistent with parallel functions for NOTCH and p38 downstream of BMP, as schematized in Figure 7D .
Discussion
By blocking type I BMP receptors with the antagonist LDN193189, we discovered that in post-hemangioblast stage EB cultures, BMP signaling restricts generation of myeloid precursors. Myeloid progenitor numbers increase under conditions of BMP inhibition with LDN (or dorsomorphin) whether or not R-SMAD effectors are modulated. We found that inhibition of BMP with LDN (but not by SMAD knockdown) causes a marked upregulation of NOTCH signaling molecules, specifically Delta-like ligands, and activates NOTCH, assessed by generation of the processed transcription factor NICD. Inhibition of NOTCH signaling in the presence of LDN restores C/EBPa expression levels and myeloid progenitor numbers back to control levels. Finally, we found that at this stage of EB development SMAD-independent BMP signaling proceeds Figure 6 . Direct inhibition of p38MAPK signaling is sufficient to control primitive myeloid potential. (A) Western blotting analysis of total and phospho-p38 levels after treatment of day 5 EBs with DMSO (vehicle control) or SCIO469, a small-molecule inhibitor specific to the p38-a isoform. (B) Densitometric analysis from 3 separate experiments, with phospho-p38 normalized to total p38 protein expression levels. Primitive myeloid potential was analyzed using methylcellulose-based progenitor colony assays, which showed that (C) MacP and (D) MegaP potential after direct p38MAPK inhibition is enhanced to levels similar to those observed after BMP inhibition. Macrophage (E) and megakaryocyte (F) potential was analyzed in serum-free EB cultures after addition at day 4 of recombinant BMP4, with or without the p38-a inhibitor SCIO469. BMP4 treatment directly attenuated myeloid potential and this was rescued by simultaneous p38 inhibition. Furthermore, BMP4 increased p38 activation and decreased NOTCH pathway signaling, measured by western blotting analysis of phospho-p38 and cleaved NOTCH intracellular domain, respectively (G). Western blotting results are quantified from 3 separate experiments in panel H. Values are normalized to DMSO-treated (A-F) or untreated (G-H) controls; asterisks indicate significance, with *P , .05 and **P , .01, respectively. DMSO, dimethylsulfoxide.
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There are caveats to our interpretation of a SMAD-independent role for BMP inhibition by LDN. First, knockdown of Smad1/Smad5 using inducible hairpins is not complete. However, knockdown was adequate to achieve reproducible hematopoietic phenotypes in both Smad1/Smad5 knockdown and BMP inhibition models. In addition, these levels of depletion are sufficient to significantly disrupt earlier mesoderm-generating steps around day 2 of EB development. Using LDN50 conditions we confirmed that 50% inhibition of BMP signaling is sufficient to affect downstream gene expression and myeloid progenitor colony formation. Second, our experiments have excluded Smad1 and Smad5 from mediating the LDN effect, but we cannot exclude a potential function for the related pathway-restricted R-SMAD, Smad9. However, we found it difficult to reliably detect significant Smad9 transcript levels in this system, suggesting that Smad9 is unlikely to contribute to the observed phenotypes.
We also discovered Smad1/5-independent roles for BMP signaling in EB cultures prior to hematopoietic commitment. Although we did not explore the mechanism, day 2 treatment of EBs with LDN pushes cultures toward neural ectoderm fates including upregulation of Pax6. This differs in phenotype from day 2 codepletion of Smad1/Smad5, which results in a bias toward endoderm (supplemental Figure 1) . Consistent with this observation, a similar neural ectoderm fate was reported for hESC-derived differentiating cultures inhibited for BMP signaling using either NOGGIN 41 or chemical antagonists. 42 During stages of hematopoietic commitment, we showed that blocking BMP signaling altered 2 SMAD-independent pathways, causing enhanced NOTCH signaling, and decreased p38 activation. That these changes are dependent on BMP was confirmed using serum-free defined culture conditions. Adding recombinant BMP4 resulted in the inverse phenotype compared with LDN treatment, namely a reduction in myeloid potential with concomitantly increased p38MAPK activity and reduced NOTCH pathway signaling. NOTCH could directly suppress p38 activation through induction of a p38 phosphatase, as has been shown in the context of myogenesis. 43 Indeed, LDN treatment caused modest activation of the phosphatase DUSP1 (not shown). However, this may not be functionally relevant, Figure 7 . NOTCH and p38 function in parallel pathways to balance primitive myelopoiesis. (A) p38MAPK activation was examined in day 5 EBs by western blotting experiments under conditions of LDN50 treatment alone or in combination with 5 mM DAPT treatment, with b-actin as loading control. (B) Phospho-p38 levels were analyzed in comparison with total p38, and reported as mean 6 SEM from 3 separate experiments. *P , .05 and **P , .01, respectively. Although DAPT alone decreases pp38 levels, it is not as significant as LDN, and does not impact myeloid output in the absence of LDN. (C) qPCR analysis of Dll1 and Dll3 Notch ligand genes after p38 inhibition with SCIO469. (D) Model diagram of BMP signaling control of myeloid potential proposing parallel pathways that function downstream through NOTCH and p38MAPK and converge to balance C/EBP levels. (E) The schematic summarizes ways that BMP signaling modulates primitive hematopoiesis through both SMAD-dependent and SMADindependent mechanisms. Based on ESC differentiation studies, SMAD1 normally functions in hematovascular precursors to generally restrict myeloid and erythroid (panhematopoietic) potential. SMAD5 normally balances this effect while at the same time uniquely promoting primitive erythroid potential. BMP receptor activation separately functions to restrict C/EBPa-regulated myeloid capacity, independent of SMAD activity, through p38MAPK activation and Notch pathway inhibition.
as blocking NOTCH with DAPT led to a partial decrease of phosphop38, rather than activating p38 (Figure 7) , and has no effect on steady state myeloid progenitor output. Rather, the requirement for NOTCH to balance myeloid output is only revealed under conditions of LDN treatment, when phospho-p38 levels are significantly depleted, and NOTCH activity is enhanced. We also saw no effect on expression of NOTCH ligands when p38 activation is blocked. Therefore, the data are most consistent with parallel NOTCH and p38 pathways, activating and restricting C/EBPa transcription levels, respectively, in order to balance the myeloid progenitor output ( Figure 7D ). In T cells, NOTCH was shown to repress C/EBPa levels through activation of the repressor HES1. 44 In our system probing primitive myelopoiesis, NOTCH activation is in contrast associated with enhanced C/EBPa levels. Hes1 levels are not affected, but the alternative NOTCH targets Hey1 and HeyL are enhanced, and may impact C/EBP indirectly by repressing factors that normally limit C/EBPa expression. Various aspects of this regulatory network may function non-cell-autonomously, which is an added level of complexity our study did not distinguish. The effects downstream of LDN are at least autonomous to the early subset of FLK1
1 progenitors, although we cannot rule out cross-talk among cells within this progenitor set. Regarding regulation of p38MAPK by BMP signaling, we considered the TGF-b-responsive TAK1 kinase. 45 Activation of TAK1 was unaffected by treatment with LDN in day 4 EB cultures (data not shown). Incorporating results from this and 2 previous studies manipulating BMP signaling in the ESC/EB system reveals distinct SMADdependent and SMAD-independent effects of BMP signaling in the control of primitive hematopoietic potential, with Smad5 being required for normal erythroid potential, as well as counteracting Smad1 to balance homeostasis in all primitive lineages. These functions are separate, and can be examined in isolation, from SMAD-independent control of myeloid potential through NOTCH and p38MAPK signaling (summarized in Figure 7E ). It may be feasible to exploit these findings from ESC differentiation culture systems to manipulate the generation and balance of hematopoietic stem and progenitor cells.
